In this work, a novel metal-organic framework (MOF) and BiVO 4 (BVO) composite photocatalyst was successfully synthesized by an in-situ growth method. The characterization of obtained samples was done by X-ray diffraction, scanning electron microscopy, energy dispersive spectroscopy, N 2 adsorption, and photoluminescence spectroscopy. The photocatalytic performance of ZIF-8@BiVO 4 composite was evaluated by the degradation of methylene blue (MB) under simulated visible light irradiation. Compared with the mixture of BVO and ZIF-8, the composite photocatalyst exhibited superior photodegradation efficiency, which could be attributed to the synergistic effect between BVO and ZIF-8. The reduced recombination of photogenerated electrons and holes was considered to be an important reason for the enhancement of photocatalytic performance. This design demonstrates a rational method to improve the photocatalytic performance by combining photocatalysts with MOFs.
Introduction
For a long time, human beings have been exploring how to effectively utilize the inexhaustible energy of the Sun and transform its light energy into electrical and chemical energy, which are research hot spots. Photocatalysis makes use of the light energy existing in the natural world to produce catalytic action, so that oxygen and water molecules are adsorbed on the photocatalyst itself, producing free radicals with strong oxidizing properties [1] . These free radicals can degrade almost all organic and some inorganic substances that are harmful to the environment, and do not cause waste of resources or additional pollution. In recent years, the discovery of visible light response photocatalysts has greatly increased the utilization efficiency of sunlight [2] . In addition to modifying the traditional photocatalytic material TiO 2 to achieve visible light response [3] , numerous efforts have been directed toward the development of efficient visible light responsive photocatalytic materials such as BFO, BiVO 4 (BVO), and g-C 3 N 4 [4] [5] [6] [7] . BiVO 4 is a typical narrow band gap semiconductor oxide with excellent visible light catalytic performance and high photoelectric conversion efficiency. It has attracted extensive attention due to its good performance in photocatalytic water splitting and the degradation of organic pollutants [8] [9] [10] . Although BiVO 4 has high photocatalytic activity, the disadvantages of weak surface adsorption capacity and high recombination of photogenerated electrons and holes limit its wide application in the industry. In order to improve the photocatalytic activity of BiVO 4 , many studies have been conducted on the modification of BiVO 4 . The common modification approaches include ion doping, composite materials, and the loading of noble metals [11] [12] [13] .
Metal-organic frameworks (MOFs) are a kind of organic-inorganic hybrid nano-porous material comprised of organic ligands and metal ions or metal clusters. Compared with inorganic porous materials such as zeolite molecular sieve, MOFs have become one of the research hot spots of multifunctional materials because of their advantages of large specific surface area and controllable structure [14, 15] . MOFs have more options for photocatalysis because of the large number of organic ligands and metal ions available, and the combination of organic ligands and metal ions is also flexible. Therefore, MOFs have potential applications in photocatalytic CO 2 reduction, organic synthesis, or water splitting to produce hydrogen and oxygen [16] [17] [18] . In addition, MOF materials have attracted extensive attention in wastewater treatment, and the development of novel MOF photocatalysts has become a research hotspot [19, 20] . Zeolitic imidazolate frameworks (ZIFs) are a kind of MOF material with zeolite framework structure, combining the high stability of zeolite and the structural diversity of MOF materials [21] . As a representative material in ZIFs, ZIF-8 has good porosity and large specific surface area, and is widely used in the fields of catalysis [22] , sensing [23] , gas adsorption, and separation [24] . It is particularly interesting that MOFs can be used as co-catalysts in the photocatalytic process because of their large pore volume and high thermal stability [25] . In addition, a variety of functional groups and unsaturated metal atoms on organic ligands can be used as the catalytic activity centers.
So far, there are few reports on the combination of ZIF-8 with highly active photocatalyst. In this work, we successfully synthesized ZIF-8@BVO composite photocatalyst by an in-situ growth method. ZIF-8@BVO composite was characterized, and its photocatalytic performance was evaluated by the degradation of MB under visible light irradiation. The production of hydroxyl (*OH) radicals was investigated using photoluminescence method with terephthalic acid (TA) as a probing molecule. In addition, the stability of the composite catalyst was verified by cyclic experiments. The possible mechanism of the improved photocatalytic performance was also proposed.
Experimental Section

Materials
All the chemicals, including bismuth nitrate pentahydrate (Bi(NO 3 ) 3 ·5H 2 O), ammonium vanadate (NH 4 VO 3 ), sodium hydroxide (NaOH), sodium dodecylbenzenesulfonate (C 18 H 29 NaO 3 S), zinc nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O), 2-methylimidazole (C 4 H 6 N 2 ), methanol (CH 4 O), and methylene blue (MB) were purchased from Macklin Biochemical Co., Ltd., Shanghai, China. The chemicals were of analytical grade and used as received without further purification. Deionized water was used throughout this work.
Synthesis of BVO
BVO nanosheets were synthesized by a traditional hydrothermal method reported in the literature [26] . In a typical synthesis, 5 mmol Bi(NO 3 ) 3 ·5H 2 O was dissolved in 10 mL nitric acid (4 M) solution. Meanwhile, equimolar NH 4 VO 3 was added to 10 mL NaOH solution (2 M). Then, 0.25 g SDBS was added to both solutions. The above solutions were stirred for 30 min to ensure that the solutes were completely dissolved. After that, the two solutions were mixed to obtain a bright yellow mixture. The pH value of the mixture was adjusted to 7 by the addition of NaOH solution (2 M), and the mixture was kept stirring for 30 min. The mixture was transferred into a 50 mL Teflon-lined vessel followed by a hydrothermal process at 200 • C for 1.5 h. After the reaction, the autoclave was cooled to room temperature naturally. The final product was centrifuged and washed with deionized water several times, and dried at 80 • C for 10 h.
Synthesis of ZIF-8@BVO Composite
The preparation of ZIF-8@BVO composite was carried out through an in-situ growth method on the surface of BVO. In a typical synthesis, 1 g BVO nanosheets was dispersed in 100 mL methanol with the assistance of ultrasonication, 2.5 mmol Zn(NO 3 ) 2 ·6H 2 O was dissolved in the suspension, and 5 mmol 2-methylimidazole was dissolved in another 100 mL of methanol. The molar ratio of ZIF-8 to BVO was about 1:1.2, and it could be controlled by adjusting the amount of zinc nitrate. Subsequently, the two solutions were mixed and stirred for 1 h. The final product was collected by centrifugation and washed with methanol, then dried for 8 h in the fume hood. In comparison, pure ZIF-8 was synthesized following the same method without the addition of BVO [27] .
Characterization
X-ray diffraction with Cu Kα radiation (D8Advance, Bruker, Karlsruhe, Germany) was carried out to examine the phases of as-prepared samples. The morphology of samples was observed by scanning electron microscope (SU70, Hitachi, Tokyo, Japan). Energy dispersive spectroscopy (EDS) was used to investigate the chemical composition of the sample. The Brunauer-Emmett-Teller (BET) specific surface area of the samples was measured based on nitrogen adsorption isotherm (77 K) using a surface area analyzer (Micromeritics ASAP 2020, Shanghai, China).
Analysis of *OH Radical
The increased number of *OH radicals was investigated by PL method, and terephthalic acid (TA) was used as a probing molecule to analyze the production of hydroxyl radicals during the photocatalytic reaction. In the photocatalytic process, TA can be converted into a highly fluorescent molecule known as 2-hydroxyterephthalic acid (HTA) by chemical reaction with the active species *OH radicals in solution. The fluorescence intensity of TAOH is directly proportional to the amount of OH [28] . In order to analyze the production of *OH radical, TA was dissolved in 1 mmol/L NaOH solution to make a 2.5 × 10 −4 mol/L TA-NaOH solution. The mixed solution was added to a reactor containing 200 mg of the photocatalyst, and the suspension was stirred constantly under visible light irradiation for 100 min. The reaction solution was centrifuged to separate the photocatalyst and then used for PL measurement on a photoluminescence spectroscope (F-4500, Hitachi, Tokyo, Japan) with an excitation wavelength of 325 nm.
Photocatalytic Experiment
The photocatalytic behavior of as-prepared samples was evaluated by the degradation of methylene blue (MB) solution under visible light irradiation using a 300 W xenon lamp (cutoff filter, λ > 420 nm). In order to avoid any thermal effect, the temperature of the reaction vessel was maintained at 23-26 • C by circulating cooling water. In our photo-degradation experiments, 80 mL MB solution was used as target pollutant, and the initial concentration was 20 mg/L. MB solution was added to a reactor containing 20 mg of the photocatalyst, and the suspension was stirred for 30 min in the dark to reach adsorption equilibrium before visible light irradiation. In the process of photodegradation, 1 mL of solution was removed every 20 min and diluted in 4 mL of deionized water. The sampling solution was centrifuged to separate the photocatalyst from the solution. The concentration of MB solution was determined by measuring the absorbance at 663 nm via a UV-Vis spectrophotometer (Shimadzu, UV-2450, Kyoto, Japan). The photocatalytic degradation efficiency (η) was calculated based on the formula η = (1 − C/C 0 ) × 100%, where C and C 0 present the final and initial concentration of MB solution. In addition, the ZIF-8@BVO composite and the mixture of BVO and ZIF-8 were reused three times to verify the stability of the photocatalyst. In the cycling experiment, the photocatalyst was separated from the solution by centrifugation after the photocatalytic reaction. The collected samples were washed repeatedly with deionized water and ethanol to remove the dye molecules adsorbed on the surface, then placed in a vacuum oven at 80 • C for 12 h. In addition, in order to compensate for the loss of catalyst during the cycle, the initial test was carried out using two identical photocatalysts under the same conditions. Figure 1a shows the XRD patterns of ZIF-8@BVO composite and pure BVO. In respect of BVO, the diffraction peaks located at 18 (112), (013), and (233) crystal face of ZIF-8, and the remaining peaks belonged to the pure BVO. Remarkably, the coexistence of two phases of BVO and ZIF-8 indicated the successful preparation of ZIF-8@BVO composite. Moreover, the diffraction peaks of pure ZIF-8 were consistent with those of simulated sample, as shown in Figure 1b . Figure 1a shows the XRD patterns of ZIF-8@BVO composite and pure BVO. In respect of BVO, the diffraction peaks located at 18.98°, 28.94°, 30.58°, and 35.22° were in agreement with the (011), (121), (040), and (161) face of monoclinic structure BiVO4 (JCPDS No. 014-0688). No other diffraction peak was detected, suggesting the high purity of as-prepared BVO. For ZIF-8@BVO composite, the weak diffraction peaks located at 7.46°, 10.42°, 12.80°, 16.43°, and 24.50° could be indexed to the (011), (002), (112), (013), and (233) crystal face of ZIF-8, and the remaining peaks belonged to the pure BVO. Remarkably, the coexistence of two phases of BVO and ZIF-8 indicated the successful preparation of ZIF-8@BVO composite. Moreover, the diffraction peaks of pure ZIF-8 were consistent with those of simulated sample, as shown in Figure 1b . Figure  2a , it is clear that the prepared BVO had a nanoplatelets structure with a thickness of 30-50 nm, and no nanoparticles were observed. It can be seen from Figure 2b that ZIF-8 was well-crystallized, showing a spherical structure with a particle size of about 50-80 nm. Figure 2c shows that ZIF-8 nanoparticles were uniformly dispersed on the surface of BVO. In addition, the EDS results showed that Bi, O, V, C, and Zn elements were uniformly distributed in the composite, proving that ZIF-8 was well-dispersed on the BVO surface ( Figure 3 ). Figure 2a , it is clear that the prepared BVO had a nanoplatelets structure with a thickness of 30-50 nm, and no nanoparticles were observed. It can be seen from Figure 2b that ZIF-8 was well-crystallized, showing a spherical structure with a particle size of about 50-80 nm. Figure 2c shows that ZIF-8 nanoparticles were uniformly dispersed on the surface of BVO. In addition, the EDS results showed that Bi, O, V, C, and Zn elements were uniformly distributed in the composite, proving that ZIF-8 was well-dispersed on the BVO surface (Figure 3) . Figure 1a shows the XRD patterns of ZIF-8@BVO composite and pure BVO. In respect of BVO, the diffraction peaks located at 18.98°, 28.94°, 30.58°, and 35.22° were in agreement with the (011), (121), (040), and (161) face of monoclinic structure BiVO4 (JCPDS No. 014-0688). No other diffraction peak was detected, suggesting the high purity of as-prepared BVO. For ZIF-8@BVO composite, the weak diffraction peaks located at 7.46°, 10.42°, 12.80°, 16.43°, and 24.50° could be indexed to the (011), (002), (112), (013), and (233) crystal face of ZIF-8, and the remaining peaks belonged to the pure BVO. Remarkably, the coexistence of two phases of BVO and ZIF-8 indicated the successful preparation of ZIF-8@BVO composite. Moreover, the diffraction peaks of pure ZIF-8 were consistent with those of simulated sample, as shown in Figure 1b . Figure  2a , it is clear that the prepared BVO had a nanoplatelets structure with a thickness of 30-50 nm, and no nanoparticles were observed. It can be seen from Figure 2b that ZIF-8 was well-crystallized, showing a spherical structure with a particle size of about 50-80 nm. Figure 2c shows that ZIF-8 nanoparticles were uniformly dispersed on the surface of BVO. In addition, the EDS results showed that Bi, O, V, C, and Zn elements were uniformly distributed in the composite, proving that ZIF-8 was well-dispersed on the BVO surface ( Figure 3) . Figure 4 shows the PL spectrum of the TA solution after 100 min under visible light irradiation. In the blank control group, no PL signal was detected because no photocatalyst was added. After adding BVO photocatalyst, an obvious peak was detected at 425 nm, which proved the formation of hydroxyl radical [29] . The PL intensity at 425 nm increased significantly with the addition of the same mass of the composite catalyst, indicating that more hydroxyl radicals were produced compared with BVO. More hydroxyl radicals with strong oxidation can effectively promote the photocatalytic degradation of organic pollutants. 
Results and Discussion
Phase Structure and Morphology
Results and Discussion
Phase Structure and Morphology
Results and Discussion
Phase Structure and Morphology
Analysis of *OH Radical
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Proposed Mechanism for the Enhanced Photocatalytic Performance
In general, photogenerated electron-hole pairs are produced when the energy of incident photons is greater than the band-gap energy of photocatalysts. The electrons in the valence band will transfer to the conduction band and become conduction electrons (e − ), leaving a hole (h + ) at the valence band [32] . Photogenerated electrons have strong reducibility, and holes are highly oxidizing, which can react with substances adsorbed on the surface of photocatalysts. In the photocatalytic process, most of the photogenerated electrons and holes will recombine inside the catalyst, and partial holes migrated to the surface of the catalyst will directly decompose MB, or react with the adsorbed H2O to generate hydroxyl radicals to participate in MB degradation. Meanwhile, the remaining electrons will react with O2 to form O2 − and then react with protons to form HOO. Further reaction will produce *OH, and participate in the degradation of MB [33] . As photocatalysis occurs on the surface of the photocatalyst, the enhanced adsorption capacity of dye molecules is conducive to the rapid progress of the photocatalytic reaction. According to BET method, the specific surface areas of BVO, ZIF-8, and ZIF-8@BVO were calculated to be 2.3, 1179.6, and 249.1 m 2 /g, respectively. Compared with pure BVO, the specific surface area of ZIF-8@BVO composite photocatalyst to MB molecules improved significantly due to the unique pore structure and large specific surface area of ZIF-8, which will be beneficial to the photocatalytic process. On the other hand, the separation and migration efficiency of photogenerated electrons and holes are promoted by the synergistic effect of BVO and ZIF-8, which reduces the recombination of photogenerated electrons and holes, and more active species participate in the photocatalytic process.
Conclusions
In summary, a novel ZIF-8@BiVO4 composite photocatalyst was successfully synthesized by a facile in-situ growth method. Compared with the mixture of BVO and ZIF-8, the composite photocatalyst showed superior photocatalytic performance for the degradation of MB under visible light irradiation. Experiment results proved that the enhanced photocatalytic performance could be ascribed to the decreased recombination of photogenerated electrons and holes owing to the synergistic effect between BVO and ZIF-8. Moreover, the recycling tests showed that the composite photocatalyst possessed good photostability. This study could provide a new strategy for the development of highly efficient photocatalysts for wastewater treatment. 
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